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Superfolder green ﬂuorescent proteinPyrrolysyl-tRNA synthetase (PylRS) is a class IIc aminoacyl-tRNA synthetase that is related to phen-
ylalanyl-tRNA synthetase (PheRS). Genetic selection provided PylRS variants with a broad range of
speciﬁcity for diverse non-canonical amino acids (ncAAs). One variant is a speciﬁc phenylalanine-
incorporating enzyme. Structural models of the PylRSamino acid complex show that the small
pocket size and p-interaction play an important role in speciﬁc recognition of Phe and the engi-
neered PylRS active site resembles that of Escherichia coli PheRS.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Pyrrolysyl-tRNA synthetase (PylRS) is an aminoacyl-tRNA syn-
thetase (aaRS) that acylates pyrrolysine (Pyl) onto its cognate
tRNAPyl, a tRNA that recognizes the stop codon UAG [1]. PylRS is
known to be present in about forty archaeal and bacterial species
[1,2]. In theMethanosarcinaceae PylRS/tRNAPyl is a truly orthogonal
synthetase/tRNA pair which is not recognized by the other aaRSs or
tRNAs. Therefore it has been widely used in enzyme engineering to
generate PylRS variants able to acylate non-canonical amino acids
(ncAAs) including a variety of Lys, Tyr and Phe analogs [3–9]. These
ncAA-tRNAs have been invaluable for co-translational insertion of
ncAAs into proteins in response to the UAG codon [3–9].
Phylogenetic analyses of sequences and structures revealed Pyl-
RS to be a subclass IIc aaRS; the other enzymes of this class include
PheRS and phosphoseryl-tRNA synthetase (SepRS) [10]. It appears
that PylRS evolved from PheRS earlier than SepRS: it was separated
before the node at which the a- and b-subunits of this enzymediverged, while SepRS evolved later from a-PheRS [10]. Therefore
some forms of PylRS may still recognize Phe as a substrate.
The class IIc aaRS family shows similarity in the core domain. Pyl-
RS and PheRS have similarly organized hydrophobic pockets, which
include aromatic residues that contribute to the substrate discrimi-
nation [10,11]. In addition, the Asn346 residue of PylRS is a ‘gate-kee-
per’ of the substrate binding site via hydrogen-bonding with the side
chain amide oxygen of Pyl [3,4,10,12]. Since amino acid changes in
the catalytic binding pocket are sufﬁcient to endowPylRSwith differ-
ent substrate speciﬁcities, we reasoned that generating PylRS mu-
tants with variations in the catalytic pocket may provide insights
into the amino acid binding site of the ancestral enzymes.
In this study, we investigated evolutionary aspects of Methano-
sarcina mazei PylRS by creating a number of variants with PheRS
activity by genetic selection. The speciﬁcity of the amino acid bind-
ing pockets was analyzed with the library of ncAAs. One evolved
PylRS variant showed a similar pocket structure as Escherichia coli
PheRS.2. Materials and methods
2.1. PylRS mutagenesis and selection procedure
The codons at positions Ala302, Pro303, Tyr306, Asn346,
Cys348 and Tyr384 of M. mazei PylRS were randomly mutated into
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somemodiﬁcations. Brieﬂy, 1 lg of the ligation products were then
electroporated into E. coli TOP10 cells. Electroporated cells were
recovered in 50 ml SOC medium for 15 min at 37 C. The cells were
then plated on LB agar plates with 50 lg/ml kanamycin (Kan) by
serial dilution. Based on the colony numbers on these plates, the
library contains approximately 5.0 ± 0.7  108 independent trans-
formants. DNA sequencing results of 25 PylRS variants in the
library did not reveal bias at the randomization sites.
The plasmid library was introduced by electroporation into
E. coli TOP10 harboring pCAM-pylT (Table S1). The cells were cul-
tivated in LB medium (1 L) supplemented with 10 lg/ml tetracy-
cline (Tc) and 25 lg/ml Kan at 37 C for 16 h. Approximately 109
transformants that contained the plasmid library as well as
pCAM-pylT were plated on LB-agar medium with 50 lg/ml chlor-
amphenicol (Cm), 10 lg/ml Tc, and 25 lg/ml Kan and grown at
37 C overnight. The number of colonies was calculated by count-
ing the colonies on the LB-agar plate with 10 lg/ml Tc, and
25 lg/ml Kan, lacking Cm. Approximately 105 colonies were
scraped from the plates and diluted 1:50 into fresh LB medium
(20 ml) with 10 lg/ml Tc and 25 lg/ml Kan. The cells subsequently
were plated on LB-agar plates with 50 lg/ml Cm, 10 lg/ml Tc and
25 lg/ml Kan for another selection for growth. After two rounds of
selection, individual colonies were isolated and cultured to prepare
the plasmid DNAs. The suppression activities of the clones were
measured by plating the transformed cells on M9 plates supple-
mented with 10 lg/ml Tc, 25 lg/ml Kan, 100 lg/ml Cm and
1 mM Phe.
2.2. Identiﬁcation of amino acids incorporated by PylRS mutants
The plasmid pET-sfGFP (Table S1) with a UAG mutation at Ser2
position was derived from the plasmid pET-Duet1 (Invitrogen). The
plasmid pET-sfGFP-pylT (Table S1) was constructed from pET-
sfGFP by adding pylT, which encodes tRNAPyl. Superfolder green
ﬂuorescent protein (sfGFP) [14] was produced from cells harboring
the two plasmids, pET-sfGFP-pylT and pKTS-FRS derivatives
(Table S1), and then puriﬁed by Ni–NTA column chromatography.
The puriﬁed proteins were analyzed by electrospray ionization
mass spectrometry (ESI-MS) and LC–MS/MS for evaluation of iden-
tity and homogeneity of the amino acid at Ser2 position. All details
are described in Supplementary material.
2.3. Screening of incorporation of canonical or non-canonical amino
acids (ncAAs) by sfGFP production
For the purpose of screening a library of 300 ncAAs a colony of
E. coli BL21 (DE3) cells co-transformed with pET-sfGFP-pylT and
pKTS-FRS was cultured in 100 ml LB medium supplemented with
50 lg/ml Kan and 100 lg/ml ampicillin at 37 C. Then the medium
was replaced with minimal medium (A600 = 1.0), and IPTG (1 mM)
was added. Aliquots (50 ll) of the induced cell suspension were
transferred into the wells of a 384-well plate containing a different
ncAA (5 mM) in each well. Incubation continued for 6 h under
constant shaking. Fluorescence intensity was recorded (excitation
wavelength 485/20 nm; emission wavelength 528/20 nm). Four
wells (A1, A2, I1 and I2) without added ncAAs were the control
experiments for detecting the background signals. Two wells thatTable 1
Sequences of PylRS variants that acylate tRNAPyl with Phe.
WT A302 P303 Y306 N346 C348 Y384 Ref.
FRS1 A P Y A L Y [3]
FRS2 L P M S L L This work
FRS3 F P L T F L This workcontained BocK (14, B3) and AlocK (15, H1) were set for control
experiments detecting wild type PylRS activity. Fluorescence was
recorded in every 10 min. For the canonical amino acids in this
study, we used the same method as for ncAAs.
2.4. ATP-PPi exchange assay
The PylRS variants FRS1, FRS2, and FRS3 were produced from
pET-FRS in BL21 (DE3) and puriﬁed as previously described [13].
As reported in earlier studies [10,15], the truncated version (to
overcome solubility problems) of the enzyme (residues 185–454)
was used in the ATP-PPi exchange assay [13,16]. The reaction mix-
tures were separated on PEI-cellulose plates (Merck) in 1 M urea
and 1 M monopotassium phosphate. The plates were scanned in
a Molecular Dynamics Storm 860 phosphorimager (Amersham
Biosciences).
3. Results
3.1. Selection of PylRS mutants that incorporate Phe at a UAG codon
Guided by the structure of theM. mazei PylRS active site [10,15],
a library was constructed by making randommutations at six posi-
tions: Ala302, Pro303, Tyr306, Asn346, Cys348 and Tyr384. Selec-
tion for growth was based on read-through of UAG (codon 112,
derived from Asp in the wild-type) in the type I chloramphenicol
acetyltransferase gene present on pCAM-pylT. Colonies that grew
on Cm LB-agar plates were chosen after two rounds of growth
selection [13]. Ten colonies were picked and tested for canonical
amino acid speciﬁcity by sfGFP formation (see below); 9 out of
10 PylRS variants were able to incorporate Phe. Two PylRS mu-
tants, FRS2 and FRS3, supported growth on the selection plates
containing 200 lg/ml Cm, indicating high suppression efﬁciency
by the PylRS variants. We also conﬁrmed their ability to grow on
minimal medium agar plates supplemented with Phe (1 mM) and
Cm (100 lg/ml).
DNA sequencing revealed the amino acids at the mutation sites
of FRS2 and FRS3 (Table 1). Earlier twoM. mazei PylRS mutants able
to charge Phe were reported [3]. When grown in LB medium one
mutant in particular, the FRS1 Asn346Ala/Cys348Leu variant,
showed good speciﬁcity for Phe as judged by mass spectrometric
analysis of the reporter protein [3]. Since FRS1 had not been char-
acterized further, we included it in our study of FRS2 and FRS3. We
ﬁrst tested the substrate speciﬁcity of these enzymes by screening
for amino acid incorporation against all canonical amino acids in
response to the UAG codon in position 2 of the sfGFP (sfGFP-
UAG2) gene [4]. The experiment, performed in minimal medium
supplemented with the individual canonical amino acids (1 mM),
measured the sfGFP production level by ﬂuorescence intensity.
Addition of Phe led to the highest sfGFP production by all three Pyl-
RS variants (Fig. 1); the relative ﬂuorescence was 14% (FRS1) or 11%
(FRS2 or FRS3) compared to the value of wild type sfGFP (with Ser
in position 2).
To better characterize the efﬁciency of Phe incorporation, the
PheRS activity of these PylRS variants was determined in the
ATP-PPi exchange assay [13]. For the assay, we used the truncated
catalytic domain of PylRS as described in Section 2. All FRS variants
showed similar Km and kcat values (Table 2). Their Km values for Phe
are similar to each other (14–23 mM), but 500 fold higher than
the Km value of E. coli PheRS (40 lM) or of Methanosarcina barkeri
PylRS (55 lM) for their cognate substrates Phe and Pyl, respec-
tively [17,18]. The lower substrate afﬁnity of FRS1, FRS2, and
FRS3 is in line with the Km values for Ne-acetyllysine (8–35 mM)
by Ne-acetyllysyl-tRNA synthetases, another set of engineered Pyl-
RS variants [13]. The kcat values of FRS1, FRS2 and FRS3 were lower
than that of wild-type M. barkeri PylRS but comparable to it [18],
Fig. 1. Relative ﬂuorescence emission of sfGFP in twenty natural amino acids with
FRS variants. The y-axis units are the percentages of ﬂuorescence intensity from
sfGFP with Ser2TAG mutation compared to the ﬂuorescence intensity of wild type
sfGFP. The ﬂuorescence intensity was measured by excitation wavelength in 485/
20 nm and emission wavelength 528/20 nm. Each ﬂuorescence intensity was
presented after subtraction with the value from the control experiment without
adding the amino acid.
Table 2
ATP-PPi exchange kinetics of PylRS variants with Phe.a
Enzyme Km (mM) kcat (min1) Ref.
FRS1 21.0 ± 3.3 2.2 ± 0.2 This work
FRS2 14.0 ± 1.5 3.7 ± 0.1 This work
FRS3 22.8 ± 3.8 4.5 ± 0.3 This work
M. barkeri PylRS 0.055 ± 0.005 6.3 ± 0.7 [18]
E. coli PheRS 0.040 8280 [17]
a The values were calculated from three independent experiments.
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Taken together, the relatively low catalytic activities of the FRS
enzymes can be explained by poor binding of the amino acid sub-
strate Phe. In addition, these data suggest that mutagenesis of
more than six amino acids is required to create a high afﬁnity bind-
ing site for an acceptable aaRS substrate analog.
We conﬁrmed the extent of Phe incorporation at position 2 of
sfGFP (sfGFP-F2) brought about by FRS2 and FRS3 and growth in
M9 medium. The molecular mass (determined by ESI-MS) of the
produced sfGFP-F2 agreed well with its calculated molecular mass
(Fig. S2). In addition, LC–MS/MS analysis identiﬁed y and bFig. 2. Mass spectrometric analysis of sfGFP-F2 that was produced using FRS3-tRNAPyl p
from the full-length sfGFP-F2 protein. b0 stands for b-H2O.fragments that contain Phe at position 2 of the protein by FRS3-
tRNAPyl pair (Fig. 2) or FRS2-tRNAPyl pair (Fig. S3).
3.2. The FRS variant enzymes exhibited different substrate speciﬁcity
In order to determine the substrate range that these FRS en-
zymes may recognize, we decided to test their ability to utilize
individual compounds from a large ncAA collection. For this reason
we developed a high-throughput assay based on UAG suppression
of the sfGFP-UAG2 gene. E. coli BL21 (DE3) cells co-transformed
with pKTS-FRS and pET-sfGFP-pylT were cultivated in M9 medium
supplemented with different ncAAs (5 mM) in 384-well plates.
After 6 h incubation production of the resulting sfGFP variants
was determined by in vivo ﬂuorescence measurements. The results
were quantiﬁed using a calibration curve established with puriﬁed
wild-type sfGFP (Fig. S4).
In agreement with our biochemical results (Table 2) all FRS en-
zymes incorporated Phe well into sfGFP as indicated by the high
ﬂuorescence signal for Phe (Fig. 3, 1, well I13). Interestingly, 2-thi-
enyl-alanine (Fig. 3, 2, well A21) also gave high signals with all
three enzymes. The data show that FRS3 is the enzyme with high-
est Phe (1) speciﬁcity, as only 2, 11, and 12 gave appreciable ﬂuo-
rescence signals (Fig. 3A). The proﬁle of FRS2 indicated that 1 and 2
are the favorable substrates, however, many other ncAAs gave ma-
jor signals (Fig. 3B). On the other hand, FRS1 (Fig. 3C) has a distinc-
tive preference for meta- and ortho-substituted Phe analogs (ncAA
3–12, see Scheme S1); some of them exhibited higher ﬂuorescence
intensity than Phe suggesting that they are better substrates for
FRS1.
4. Discussion
4.1. Amino acid speciﬁcity of evolved FRS enzymes
The quantitative read-through of the UAG codon in the super-
folder GFP (sfGFP-UAG2) reporter gene by ncAA-tRNAPyl species
from a large library of ncAAs provided a rapid scan of the substrate
spectrum of our FRS mutants. sfGFP is an ideal reporter as it is a
robust, thermo stable, easily produced [14], and ncAA incorpora-
tion is readily veriﬁed by mass spectrometry (Fig. 2). This will beair in M9 medium. The LC–MS/MS spectra of the MXKGEELF (X denotes F) fragment
Fig. 3. Range of substrate speciﬁcity of FRS enzymes. Suppression of the sfGFP-UAG2 gene by the library of ncAA-tRNAPyl was measured by ﬂuorescence intensity. Four wells
(A1, A2, I1 and I2) were set as control experiments without adding any ncAA to detect the background signals. (A) The substrate speciﬁcity proﬁle of FRS3. (B) The substrate
speciﬁcity proﬁle of FRS2. (C) The substrate speciﬁcity proﬁle of FRS1. The ncAA chemical structures are given in Scheme S1 and Table S2.
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enzymes in the future. The experiment revealed that FRS3 has
the highest speciﬁcity for Phe among the FRS enzymes (Fig. 3).
4.2. The active site of the FRS enzymes
Tounderstand thedifferent substrate speciﬁcities,we constructed
structural models of the substrate binding sites (Fig. 4) based on the
structures of PylRS and PylRS-derived O-methyl-tyrosyl-tRNAsynthetase (PDB ID: 2ZIM [10], 3QTC [12]). The model of FRS3
(Fig. 4A) shows a small binding pocket, similar in size to that of
E. coli PheRS (Fig. 4B) [11]. Out of our library of 300 ncAAs, only
the side chain structures of Phe (1) and three additional ncAAs (2,
11 and 12) are accommodated by the compact binding pocket in
FRS3. In thewild-type PylRS position 348 is occupied by Cys; amuta-
tion to Phe in FRS3 reduces the size of the pocket. Compared with
wild-type PylRS, the Asn346Ala mutation allows binding of Phe
analogs to FRS1 (Fig. 4C and D). The larger pocket accommodates in
Fig. 4. The comparison of FRS3, FRS1, PylRS and E. coli PheRS structures. Structural models of FRS3 and FRS1 with Phe were generated by geometry-minimization using
PHENIX [20] based on the PylRS and PylRS-derived O-methyl-tyrosyl-tRNA synthetase structures (PDB ID: 2ZIM [10] and 3QTC [12], respectively). The gray surface model
indicated the volume and shape of the substrate-binding pocket; the Phe substrate (in magenta) and residues surrounding the substrate-binding pocket are shown as sticks.
The residues that were chosen for the library are underlined. All ﬁgures were prepared using Pymol software (the PyMOL Molecular Graphics System, Schrödinger, LLC). (A)
FRS3: Ala302Phe and Cys348Phe are located close to the substrate Phe (red sticks). (B) The co-crystal structure of E. coli PheRS with Phe (PDB ID: 3PCO [11]). Phe248 and
Phe250 are conserved in bacterial PheRSs and contribute to the substrate recognition by p-interactions (red sticks). (C) FRS1: The arrangement of Ala302 and Asn346Ala can
form a larger pocket for Phe analogs. (D) The co-crystal structure of PylRS with Pyl-AMP.
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ingly, the four ortho-substituted Phe analogs (9–12) were also incor-
porated; this is the ﬁrst report that PylRS variants can expand the
genetic code with compounds 9–12.
In the FRS3 model there are two Phe residues (Ala302Phe and
Cys348Phe) located close to the Phe substrate (Fig. 4A). These
Phe residues may participate in stabilizing the substrate through
p-interactions of the rings as is the case for E. coli PheRS (Fig. 4B)
[11]. The conserved Phe-Pro-Phe motif in bacterial PheRSs is
considered an element for recognition of the substrate [19]. It
appears that Ala302Phe and Cys348Phe restrict the rotation of
Phe by p-interactions and form a tight-ﬁtting pocket. We suggest
that the smaller size of the binding pocket and the Phe residues
close to the substrate contribute to the restricted substrate speci-
ﬁcity of FRS3.
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